Objectives: To determine if members of the European clonal lineages are present amongst multiply antibioticresistant Acinetobacter baumannii isolates from Australia. To search for AbaR-type genomic antibiotic resistance islands and determine the genetic organization of any AbaR detected.
Introduction
Acinetobacter baumannii is an opportunistic pathogen that causes hospital-acquired infections. 1 -4 A. baumannii isolates that are resistant to all or almost all antibiotics currently used for treatment have been observed, posing therapeutic problems. 1,2,5 -7 In Europe, the occurrence of multiply antibiotic-resistant A. baumannii isolates has been attributed to the epidemic spread of clones, the European clones (EC) I and II. 3,8 -10 The genome sequences of three multiply resistant A. baumannii strains have been determined. Two strains, AYE 11 and AB0057, 12 belong to EC I and the third is an EC II strain, ACICU. 13 Both EC I strains carry genes that confer resistance to antibiotics from several families such as the aminoglycosides (gentamicin, kanamycin and neomycin), the aminocyclitols (streptomycin and spectinomycin), tetracycline and chloramphenicol in a single cluster (Table 1) . 11, 12 A related cluster is found in an EC I lineage, multiply resistant A. baumannii isolate from Australia. 14 The properties of these antibiotic resistance gene-containing regions are summarized in Table 1 . They all include a mercuric ion resistance operon (mer) and are part of a larger chromosomally located region ( Figure 1 ) that contains further determinants of resistance to arsenate and cadmium/zinc. The first example of this large genomic island was found in strain AYE and designated AbaR1 (A. baumannii Resistance 1).
11 AbaR1, and the other AbaR listed in Table 1 , are defined as the region that has transposed into a specific position in the chromosome creating a 5 bp duplication. 1 The target gene, comM, encodes a 495 amino acid polypeptide containing an ATPase domain. AbaR1 is 23 kb larger than AbaR3 12 and carries 13 additional antibiotic resistance genes (see Table 1 ) but is also missing one. The structure of the additional region is described elsewhere.
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( Figure 2a ) is most similar to AbaR3, but 6.7 kb smaller due to an IS26-mediated deletion that has removed catA1 and bla TEM genes present in AbaR3 (Table 1 ). The bla TEM gene is also missing from AbaR1 due to a deletion caused by the same IS26.
chromosomal sequence have been lost and the cassette array has been replaced ( Table 1) . The AbaR have a complex structure. Our analysis 14 has shown that, except for AbaR2, they share a 16.3 kb backbone transposon, here designated Tn6019 (central and lower lines in Figure 1 ). Tn6019 is bounded by imperfect inverted repeats (IRs) of 26 bp (19/26 matches) and carries two potential transposition genes tniA and tniB whose products share 33% and 34% identity with the TniA and TniB proteins of Tn402 and Tn5053 (GenBank accession numbers X72585 and L40585). Tn6019 contains 12 other genes, including an arsenate resistance operon (arsHBRC), a universal stress protein gene, uspA, and a putative sulphate permease gene, sup. In AbaR regions, the uspA gene of Tn6019 is interrupted by a large compound transposon ( Figure 1 , top line) that is bounded by directly oriented copies of a cadmium and zinc resistance transposon Tn6018 and flanked by an 8 bp duplication. The multiple antibiotic resistance region (MARR) lies between the two Tn6018 copies (Figure 1 , top line), and this is where AbaR1, AbaR3 and AbaR5 differ ( Table 1) .
The five resistance genes, tetA(A), aphA1b, aacC1, aadA1 and sul1, common to AbaR1, AbaR3 and AbaR5 are at the right-hand end of the MARR (as drawn in Figure 1 ).
14 Three are in a class 1 integron; two in the cassette array aacC1-orfP -(orfP) -orfQaadA1 (aacC1 confers resistance to gentamicin, and aadA1 to streptomycin and spectinomycin) and the sul1 sulphonamide resistance gene is in the 3 ′ -conserved segment (3 ′ -CS) (Figure 2a ). This cassette array, or a variant with only one copy of orfP, has been reported in A. baumannii from many countries, 3,9,16 -19 including Australia. 14, 20, 21 In AbaR1, AbaR3 and AbaR5, this integron is next to transposon Tn6020, 14 which contains the kanamycin and neomycin resistance gene aphA1b flanked by insertion sequence IS26 (see Figure 2) .
Isolates from as early as 1984 belonging to either the EC I or EC II lineage carry the aphA1 gene and the same cassettes. 3, 9 In recent studies, when the aphA1 gene was screened for, it was 11 -13 ) and between them the MARR (multiple antibiotic resistance region), which is not shown in detail and not to scale because its structure is very variable. The MARR includes the antibiotic and mercuric ion resistance genes.
AbaR in Acinetobacter baumannii
1163 JAC usually associated with the aacC1-orfP -(orfP) -orfQ -aadA1 cassette array. 3, 9, 21 In a study of A. baumannii isolates from Sydney hospitals, these genes were found in isolates with two different repetitive extragenic palindromic (REP) PCR types. 21 As it seemed possible that these groups might correspond to EC I and EC II, we examined these isolates further.
Materials and methods

Bacterial isolates
Ten multiply resistant A. baumannii isolates carrying the aacC1 gene in a class 1 integron and the aphA1 gene were from a collection characterized previously. 21 Two further strains, A92 and C1, that also contained the class 1 integron and the aphA1 gene (Peter A. White, unpublished observations) were included. Re-analysis of the gene cassette array indicated the presence of aacC1-orfP-orfP -orfQ-aadA1 rather than only aacC1-orfP-orfQ-aadA1 as reported previously. 21 Only strain A92 carried the shorter version. The isolates came from three different hospitals (A, C and D) in Sydney (Australia) and were collected from different patients and sources between 2002 and 2007 ( Table 2 ). Isolates A91, A93, A94, A96 and A97 were from an intensive care unit outbreak in May 2005, which resulted in two deaths. Isolates D2, D3, D6 and D7 were isolated from wounds, catheters or urine in the same month of 2006. The remaining isolates were collected sporadically from catheters, wounds and urine specimens. All isolates were previously shown to be resistant to at least 12 antibiotics including gentamicin, kanamycin and neomycin Post et al. 14 and was used as a control in all experiments.
DNA extraction
Whole-cell (genomic) DNA used as template for PCR amplifications was isolated from cultures grown overnight at 378C by using the Wizard w genomic DNA Purification Kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. PCR products were purified for sequencing using the QIAquick PCR Purification Kit (QIAGEN Inc., Valencia, CA, USA) or after separation on an agarose gel using the QIAquick Gel Extraction Kit (QIAGEN Inc.) following the manufacturer's protocols.
PCR
Amplification was carried out in PCR buffer (New England BioLabs) containing each deoxynucleoside triphosphate at 200 mM with 50 pmol of each primer, 10-50 ng of template DNA and 1 U of Taq DNA polymerase (New England BioLabs). Thermal cycling conditions consisted of an initial denaturation cycle of amplification at 958C for 5 min, followed by 35 cycles of denaturation at 958C for 30 s, annealing at 608C for 90 s, extension at 728C for 90 s to 3 min and a final cycle of amplification at 728C for 10 min. Unless otherwise specified, the annealing temperature was 608C. Primer pairs and expected product sizes are listed in Table 2 . Products were separated by electrophoresis on 1%-2% (w/v) agarose gels, stained with ethidium bromide (5 mg/L), visualized with UV and imaged using a GelDoc TM XR image analysis station (Bio-Rad, Hercules, CA,USA). Product sizes were estimated using 100 bp and 1 kb DNA ladders (New England BioLabs) as molecular size markers and compared with known amplification products from AbaR5 as standard. The identity of all PCR amplicons was confirmed by either digestion of the PCR amplicons with restriction enzymes (PstI, BamHI, NheI or HindIII) or DNA sequencing, or both.
Determination of clonal type
European clone isolates were identified using several criteria. The two multiplex PCR assays amplifying group 1 (assigned as EC II) or group 2 (assigned as EC I) alleles of ompA and csuE genes and the intrinsic A. baumannii oxa (or bla OXA-51-like ) gene were used as previously described.
10 A 425 bp fragment from the recA gene was amplified using published primers and reaction conditions, 22, 23 and the sequence was compared with EC I and EC II reference strains (GenBank accession numbers CU459141 and CP000863), which differ at six positions. The oxa gene that is characteristic for A. baumannii was amplified using the primers OXA-69A, 5
′ -CTAATAATTGATCTACTCAAG-3 ′ , and OXA-69B, 5
′ -CCAGTGGATGGATGGATAGATTATC-3 ′ , and reaction conditions as previously described. 24 The 975 bp PCR product that includes the complete oxa gene was sequenced and compared with the sequence for EC I (oxa-69) and EC II (oxa-66), which differ at 15 positions.
Identification of resistance genes and AbaR mapping
Resistance determinants, insertion sequences and Tn6020 were detected by PCR using primers and annealing temperatures described previously. 14 The top and arsC genes, Tn6018 and the boundaries of AbaR with comM and Tn6018 with uspA (see Figure 3) were detected using the primer pairs listed in Table 2 . PCR mapping of the AbaR backbone was performed using the primer pairs listed in Table 2 .
DNA sequencing and sequence analysis
Automated sequencing was performed at Supamac (Sydney University Prince Alfred Molecular Analysis Centre) on an Applied Biosystem 3730, 7900 Genetic Analyser and Transgenomic's WAVE-dHPLC (Applied Biosystems, Carlsbad, CA, USA) using the Big Dye system. Sequences were assembled using Sequencher version 4.9 (Gene Codes Corporation, Ann Arbor, MI, USA). Sequences were compared with those of EC I and EC II reference strains (see Table 1 ) using the BLAST paired alignment facility (http://blast.ncbi.nlm.nih.gov). Multiple alignments were performed using ClustalW (www.ebi.ac.uk/Tools/clustalw2). Gene Construction Kit version 2.5 (Textco, West Lebanon, NH, USA) was used to draw figures to scale.
GenBank accession numbers
The sequences of parts of AbaR6 from strain D2 and AbaR7 from strain A92 together with the oxa (oxa-69) and recA genes have been deposited in GenBank with the accession numbers GQ406245 and GQ406246. The boundaries of the insertion in comM in the EC II strain A94 together with the oxa (oxa-66) and recA genes have been deposited in GenBank with the accession number GQ914990.
Results
European clones I and II in Australia
The 12 A. baumannii isolates that carried the gene cassette array aacC1 -orfP-orfP -orfQ -aadA1, the sul1 gene and the aphA1 gene had been grouped into two types (7 of type I and 5 of type II) on the basis of their REP-PCR profile 21 ( Table 3 ). The type I isolates also carry the oxa-23 carbapenem resistance gene, the bla TEM ampicillin resistance gene and the tetA(B) tetracycline resistance gene. 21 Membership of the EC lineages was tested using multiplex PCRs 10 and all isolates of type II were found to belong to EC I, whereas all type I isolates belonged to EC II (Table 3 ). This assignment was confirmed by sequencing part of the recA gene 22, 23 from representative isolates in each group (D2 and A92 for EC I and A94 and C1 for EC II). In the 425 bp segment, there are six nucleotide differences between the sequences of the EC I and EC II reference strains AYE and ACICU, and in all cases the EC I and EC II isolates studied here had recA sequences identical to those of the appropriate reference strain (Table 3 ). The sequences of the chromosomal oxa gene, which was recently shown to be characteristic for A. baumannii, 24 corresponded to oxa-69 (EC I isolates) and oxa-66 (EC II isolates) versions of this gene, which differ at 15 positions and are found in EC I and EC II standard sequences (Table 3) . Hence, EC I and EC II clonal lineages are not confined to Europe.
Transposons in comM
To determine whether a transposon was present in the comM gene, all strains were tested for the presence of an uninterrupted comM gene (Figure 3 ). An amplicon was only obtained with an antibiotic-susceptible Acinetobacter calcoaceticus control strain. However, primers that span the boundaries of the AbaR backbone transposon Tn6019 (or any transposon with related outer ends) with the comM gene, amplifying segments J1 and J2 in Figure 3 , yielded products for both EC I and EC II isolates ( Table 2 ), indicating that related insertions are present at this Post et al. a Gene cassette arrays were re-analysed and all strains carry aacC1-orfP -orfP -orfQ-aadA1 except strain A92 (not reported previously), which lacks one copy of orfP. b Data are from Mak et al. 21 except for 3208, A92 and C1. c EC (European clone) was determined using the method of Turton et al.
10 assigning sequence group 2 to EC I and sequence group 1 to EC II. d The recA sequence was determined as in Nowak and Kur. 23 e The intrinsic oxa (oxa-51-like) sequence was determined using the method of Héritier et al.
24
; +, PCR product was present, but not sequenced. f Primer pairs and product sizes are listed in Table 2 and their positions are shown in Figure 3 ; +, product present; 2, no product. g A. baumannii strain 3208 was isolated at hospital D. h Group 2 isolates all carry the tetA(B), strB, bla TEM and bla OXA-23 genes. 21 position in both. For the EC I strains D2 and A92, the sequences of the 604 bp J1 product and the 1134 bp J2 product were identical to these regions in AbaR1, AbaR3 and AbaR5, confirming the presence of an AbaR.
The junction sequences for two EC II isolates (A91 and C1) were identical to one another. These isolates also carry an insertion related to the AbaR backbone transposon Tn6019 located at the same position with the same 5 bp duplication. However, the sequences differed slightly from those for EC I isolates. The chromosomal portion of the right J2 junction was identical to the sequence of the ACICU EC II reference strain and there were six nucleotide differences in this 451 bp segment compared with the EC I reference strains AYE and AB0057. A shorter J2 sequence in GenBank accession number FJ406499 for a single EC II isolate 25 was also identical. This provides further confirmation that the Australian isolates belong to EC II. The left-hand (J1) boundary is missing in ACICU, precluding a comparison. However, in the 432 bp chromosomal segment of the Australian EC II isolates four nucleotide differences from the EC I reference sequences were found.
Within the transposon-like insertion, the J1 and J2 sequences differed from those of Tn6019 found in the standard AbaR (AbaR1, AbaR3 and AbaR5) at 6 of 416 and 11 of 341 nucleotides, respectively. However, the J1 end was identical to the sequence of a transposon, here designated Tn6021, found in the same position in the antibiotic-susceptible reference strain ATCC 17978 (GenBank accession number CP000512) and a transposon called AbaR4 12 from strain AB0057 (GenBank accession number CP001182). At the J2 end, only 5 out of the 11 nucleotide differences from Tn6019 were also present in Tn6021 and TnAbaR4. This suggested that the EC II isolates carry a transposon related to but not identical to Tn6021 or AbaR4 at its extremities, and this is shown schematically in Figure 4 .
EC I strains carry an AbaR-type resistance island
In AbaR1, AbaR3 and AbaR5, the uspA gene in the Tn6019 backbone transposon is interrupted by the compound transposon carrying the MARR, which is flanked by copies of the cadmium and zinc resistance transposon, Tn6018 (Figure 1 ). In the five EC I isolates, Tn6018 was present and an uninterrupted uspA gene was not (Table 3) , which indicated that an AbaR was present in these isolates. However, only J4, the junction of Tn6018-R with Tn6019 (Figure 3 ), was present ( Table 3) , suggesting that a deletion may have occurred. Though there was an insertion in the comM gene in the EC II isolates, Tn6018 was not detected and the uspA gene was uninterrupted ( Table 3 ), indicating that the transposon insertion in these strains was not closely related to the Tn6018-containing AbaR group.
Characterization of the AbaR
It was shown previously that the Australian EC I strains did not carry the tetracycline resistance tetA(A) gene 21 that lies to the left of Tn6020 in AbaR1, AbaR3 and AbaR5 (Figure 2a) , and additional screening revealed that the catA1 gene, the mercuric ion resistance gene merA, the insertion sequence IS6100, the top topoisomerase gene and the arsenate resistance arsC gene were also missing. Thus, these strains appeared to lack a large segment found to the left of Tn6020 in AbaR1, AbaR3 and AbaR5. However, the J1 junction (junction of AbaR with the comM gene) was present, and overlapping PCRs (e.g. PCR1-4 described previously 14 ) coupled with restriction analysis of the products were used to determine how much of the structure found in AbaR5 was present. The deletion junction was then sequenced. For the four EC I isolates from hospital D, the IS26 at the left end of Tn6020 had caused a deletion that had removed the arsenic resistance operon and all but 8.2 kb of the backbone (Figure 2b ). For the single hospital A isolate (A92), the sequence of the PCR product containing the deletion junction revealed that the same copy of IS26 had again caused a deletion such that only 1007 bp of the Tn6019 backbone (containing only orf1) remained (Figure 2c ). The part of Tn6019 located to the right of Tn6018-R was found to be complete in all five EC I isolates. These two new AbaR types were named AbaR6 (hospital D isolates) and AbaR7 (for isolate A92). 
Discussion
An important conclusion of this study is that the clonal lineages currently known as 'European' or 'panEuropean' are in fact global clones having now been found in the USA 12 and Australia. These clones are clearly evolving particularly with respect to the antibiotic resistance genes they carry. However, the paths are likely to be different for each clonal lineage. Despite containing two identical features, namely the integron gene cassette arrays and the kanamycin/neomycin resistance gene aphA1, the EC I and EC II strains studied here did not carry them in the same configuration. They were linked only in the EC I strains (data not shown) all of which carried AbaR6 or AbaR7 in which the four antibiotic resistance genes aacC1 (or aacCA1), aadA1, sul1 and aphA1b are clustered together, as they are in AbaR1, AbaR3 and AbaR5. We conclude therefore that the presence of these genes together is not in itself indicative of the presence of an AbaR-type genomic island. However, it appears that the presence of the class 1 integron with the aacC1-orfP-(orfP)-orfQ -aadA1 gene cassette array in an AbaR island may be typical of EC I strains. By the simplest additional criteria used here to identify an AbaR, namely the presence of J1, J2 and Tn6018, AbaR should also be present in three further EC I strains, two carrying the aacC1 -orfP -(orfP) -orfQ -aadA1 array and one that did not, from a US military hospital that were analysed recently. 12 The integron with aacA4 -orfO -oxa20 may be indicative of the presence of an AbaR in one subline of EC II strains, but this remains to be established conclusively.
The AbaR regions described here appear to be derived from the longer AbaR1, AbaR3 or AbaR5 by loss of a large segment that can carry further resistance genes [e.g. tetA(A), catA1 and bla TEM ]. However, in AbaR6 and AbaR7, the deletion has removed a large region that includes the left-hand copy of Tn6018 and part of the Tn6019 backbone. As seen previously for the internal deletions in AbaR1 and AbaR5, 14 the deletions commence at the boundary of a copy of the insertion sequence IS26. However, the IS26 responsible (IS26-2 in Figure 2a) is a different one, and one of the three IS26 copies found in the other AbaR is lost. IS26 is often seen associated with antibiotic resistance genes. It appears to play a key role in generating deletions adjacent to it, and such deletions have been seen in many other systems. Further work will be needed to determine the context and location of the integron carrying the aacC1 and aadA1 gene cassettes and aphA1 gene in the EC II strain.
The gene encoding the comM-related ATPase in which the AbaR (except AbaR4) all reside appears to be a target for a group of related transposons that includes the arsenate resistance transposon Tn6019 that forms the backbone of the AbaR. Tn6021, found in the susceptible ATCC 17978 strain, is a relative that carries the same transposition genes but lacks antibiotic or other resistance genes (the reading frame often labelled as the sul1 sulphonamide resistance gene 11 -13 is actually a sulphate permease, since renamed sup to eliminate confusion 14 ). Tn6021 also forms the backbone of AbaR4, 12 which carries the oxa-23 gene within the transposon Tn2006. 26 The insertion found here in the EC II isolates has a left end identical to that of Tn6021 but a different right-hand end. However, our initial examination has shown that this insertion is not simply a variant of Tn6021 and the remainder of its structure requires further investigation. The presence of different but related transposons in the same position as well as the presence of AbaR2 in the same position in the EC II strain ACICU suggests that transposons in this group are able to target this location. This has recently been suggested by others, 25 and the three EC II (sequence group 1) isolates examined in that study also contained an insertion that based on available sequence is likely to be equivalent to the one seen here. Insertions were also found in a group of strains assigned to EC II that were examined by Adams and co-workers. 12 
